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I N T R O D U C T I O N
Saccades are fast voluntary eye movements between objects of interest. They can be elicited in a variety of behavioral situations. The saccade type most studied in behavioral and neurophysiological studies has been the targeting saccade, which is elicited by the sudden jump of a target in a visual environment. Their latencies are 200 -250 ms in naive animals and shorter in highly trained animals . The average latencies can be made even shorter, as short as 70 ms, if a time gap is inserted between the offset of one fixation target and the onset of the next (Fischer and Boch 1983; Fischer and Ramsperger 1984; ). These are called express saccades. On the other hand, subjects can delay the initiation of a saccade if they are required to wait for a "go" signal. A variant of this delayed saccade paradigm elicits a memory-guided saccade. While the monkey maintains fixation, a target appears briefly and the animal must wait for a go signal before making a saccade to the remembered target location. Saccades used to examine arrays of stationary targets at a subject's own pace are called scanning.
Evidence from clinical cases suggests that these different types of saccades are generated through different oculomotor pathways and structures. In general, the simpler saccades, such as targeting, are thought to involve less cerebral cortical processing and the higher order saccades, such as memoryguided saccades, to involve more cortical processing (Dias and Segraves 1999; Fuchs et al. 1996; Gaymard et al. 1998 for review) . Most cortical saccade regions project to the superior colliculus (SC) the subcortical staging area for saccades (Huerta et al. 1986; Künzle and Akert 1977; Leichnetz 1981; Leichnetz et al. 1984a,b) . Burst cells in the SC show a similar saccade-related neural discharge when a saccade is made to a visual target and remembered target (Munoz and Wurtz 1995) . Information from the SC reaches the premotor burst generator that generates saccades through two routes (e.g., Scudder et al. 2002) . One is rather direct to individual elements of the saccade premotor burst generator in the brain stem. A second goes through the midline cerebellum, the oculomotor vermis (OMV, lobules VIc and VII) and the caudal fastigial nucleus (cFN). Purkinje (P) cells in the OMV (Ohtsuka and Noda 1995) and neurons in the cFN Ohtsuka and Noda 1992) exhibit phasic discharges for targeting saccades. Lesions or inactivations involving either the OMV (Barash et al. 1999; Kojima et al. 2010a; Ritchie 1976; Takagi et al. 1998) or cFN (Iwamoto and Yoshida 2002; Robinson et al. 1993 Robinson et al. , 2002 Vilis and Hore 1981) cause dramatic effects on the accuracy and variability of targeting saccades and their adaptation (see Hopp and Fuchs 2004; Iwamoto and Kaku 2010; Tilikete and Pélisson 2008 for adaptation reviews).
However, only two studies have considered the possible role of the oculomotor cerebellum in the generation of other types of saccade. Straube et al. (1995) reported that, after removal of a large bilateral midline cystic tumor in the cerebellum, a patient's rightward targeting saccades displayed the expected hypermetria, but scanning saccades did not. Ohtsuka and Noda (1992) found that cFN neurons exhibit the same discharge pattern in association with memory-guided and targeting saccades, but during spontaneous saccades in the dark, their burst was either weaker or absent.
Here we perform a quantitative comparison of P-cell activity in the OMV for five different saccade types that include targeting, express, scanning, delayed and memory-guided. Our results indicate that the oculomotor cerebellum contributes to all kinds of saccade, but the discharge of a small percentage of P-cells could depend on the type of saccade.
M E T H O D S

Surgery and animal training
The data gathered in this study were obtained during the experiments presented in Kojima et al. (2010a) where the procedures for this part of METHODS are described in detail. Briefly, we measured eye movements in two rhesus monkeys (Macaca mulatta, male, monkey B: 7.4 and monkey W: 5.0 kg) with the electromagnetic search coil method (Fuchs and Robinson 1966; Judge et al. 1980; Robinson 1963) . Each monkey was trained to make saccades to target steps produced by an array of light-emitting diodes (LEDs), which were spaced every 1°along the horizontal meridian. The LEDs could be programmed to emit either a red or a green light. When this preliminary training was complete, we implanted a recording chamber over the posterior part of the skull aimed at the oculomotor vermis.
Behavioral paradigms TARGETING SACCADES. In this paradigm, we required the monkeys to make targeting saccades to sequentially illuminated LEDs. After the monkey had fixated a central red LED for Ն0.6 s, it was extinguished and a peripheral red LED was illuminated randomly at either 10°to the right or left. After the eyes had acquired the target and the animal was rewarded, the target jumped back to straight ahead. Schematic target jumps and elicited saccades are shown in Fig. 1A . After the monkeys were able to make targeting saccades for Ն2 h, we used the paradigms described in the following text to train them to make express, delayed, memory-guided, and scanning saccades, in that order. EXPRESS SACCADES. To elicit express saccades, we extinguished the fixation LED briefly (gap paradigm) before illuminating a second LED at a distance of 10° (Fisher and Boch 1983; Fischer and Ramsperger 1984; as shown schematically in Fig.  1B . We varied the duration of the extinction gap in 10 ms steps from 80 to 200 ms to determine which duration elicited the highest incidence of saccades with express latencies. The best gaps for monkeys B and W were 100 and 160 ms, respectively. Figure 2 shows the latency distributions for targeting and gap-elicited saccades in representative experiments on the two monkeys. For targeting saccades, the latency distributions are either clearly (A) or reasonably (C) unimodal with latencies mostly Ͼ100 ms. With the gap paradigm, both latency distributions (B and D) become clearly bimodal with many saccades in the monkey express saccade range (60 -100 ms) (Fischer and Boch 1983; Fischer and Ramsperger 1984; . As has been reported in other studies (Fischer and Boch 1983) , the second peak in the distribution elicited with the gap paradigm also occurs at shorter latencies than those elicited with simple target steps. We considered only those saccades with latencies from 50 to 100 ms for monkey B and 50 to 110 ms for monkey W to be express saccades. Monkey B required 1 wk of practice before the bimodal distribution of reaction times was present consistently; monkey W required 2 mo. DELAYED SACCADES. To elicit a delayed saccade, we required the monkey to keep fixating on an illuminated red LED for 0.3 s before a peripheral green LED was illuminated continuously to show the destination of the future saccade. When the red fixation LED went off 0.3 s later, it signaled the animal to make a saccade to the peripheral, illuminated green LED to obtain a reward (Fig. 1C ). We used this short delay here and for memory-guided saccades to allow the collection of as many saccades as possible before the unit was lost. Furthermore, 0.3 s was at the high end of the distribution of saccade latencies to simple target steps (Fig. 2, A and C) . After the monkey had fixated the green spot for 0.6 s, a red LED was turned on in its place to serve as the initial fixation spot for the next target step back toward the center.
MEMORY-GUIDED SACCADES. To elicit a memory-guided saccade, we required the monkey to fixate a red LED for 0.3 s and then turned on a green LED briefly for 0.3 s at an eccentric target location. After an additional 0.3 s, the red fixation LED was also turned off, as a signal for the monkey to saccade to the remembered peripheral target We considered saccades with latencies between 50 and 100 and 50 and 110 ms in moneys B and W, respectively, to be express. location. When the saccade landed near the remembered target location, the green LED came on at the actual target location ( Fig. 1D ). After the monkey had fixated the green LED for 0.6 s, the red LED was turned on in place of the green LED to serve as the initial fixation LED for the next return trial. SCANNING SACCADES. To elicit scanning saccades, we simultaneously illuminated three red LEDs, each separated by 10°along the horizontal meridian ( Fig. 1E ) and rewarded the monkey whenever it made, at its own pace, more than three consecutive saccades between any of the three LEDs (self-paced saccades as in Fuchs et al. 1996) . Both monkeys most often made a saccade to the adjacent LED at a distance of 10°. The ϳ1% of saccades that were made between the two most eccentric LEDs separated by 20°were excluded from analysis.
We used the same target start and end positions and target amplitudes while collecting all five types of saccade to eliminate possible effects of eye position and saccade amplitude on our comparisons of simple spike activity.
Neuronal recording
Using homemade tungsten electrodes, we isolated units in the oculomotor vermis (OMV, lobules VIc and VII) while the monkey was making 10°targeting saccades in eight different directions. Under these conditions, we easily could identify the lobules of the oculomotor vermis by the phasic change in background activity that occurred for saccades in all directions. An isolated saccade-related unit was determined to be a Purkinje (P-) cell if it discharged a complex spike (CS), which, in turn, caused a brief pause in simple spike (SS) discharge (Soetedjo et al. 2008 ). Finally we determined the side of the recording from the CS activity of the P-cell, which is tuned to contraversive error direction (Kojima et al. 2010a; Soetedjo et al. 2008 ). In the current experiments, we examined only P-cells that exhibited phasic changes in SS activity related to saccades in at least one horizontal direction.
Once we had determined that an isolated unit was a P-cell, we elicited one of the five types of saccade. After a monkey made Ն20 of these saccades (including both centripetal and centrifugal) in each horizontal direction, we switched to another type of saccade and again collected Ն20 saccades in both the centrifugal and -petal directions. We continued in this way for all five types of saccade. We randomized the order in which the different types of saccade were collected for different P-cells.
For 19 cells, we collected all five types of saccade a second time to ensure that any observed discharge differences between saccade types could not be attributed to time dependent changes. Because there was no difference in the first and second data sets, we combined them, so there were Ͼ40 total saccades of each type for these units.
Data analysis
We did the initial data acquisition and the on-line data processing, e.g., average firing rate of SS activity for different saccade directions, as described in Kojima et al. (2010a) . The data also were saved and analyzed off-line on a computer using custom programs that ran analysis software (Spike 2, CED) to calculate the parameters that characterized the neuronal discharge and the metrics of the saccade and the target conditions. These data were exported to other commercially available programs (Matlab, MathWorks) for further statistical analysis of the neural activity and saccades. We eliminated those saccades that deviated Ն10°from the angular direction of the target vector or if either the initial horizontal or vertical eye positions before the target step were Ն1°of the corresponding target positions. CREATING POPULATIONS OF SIMILAR SACCADES. To compare the SS discharge associated with the five types of saccade, we extracted horizontal saccades with statistically similar amplitudes, durations, and peak velocities. First we calculated the means of the amplitude, duration, and peak velocity for each type of saccade. From these individual means, we determined the grand mean of each of the three saccadic parameters across all five saccade types. For each parameter, we performed an elimination process to find statistically similar trials. First, we computed a one-way ANOVA for each parameter centered on its grand mean and spanning the entire range of all the data from all five saccade types. The P value was always Ͻ0.05, so we iteratively reduced the range and recomputed the one-way ANOVA until the P value just exceeded 0.05. This elimination process identified three groups of trials, one for each parameter. Trials common to all three groups were considered to have statistically similar metrics. The mean amplitude, peak velocity and duration of all saccades used in this study are 9.86 Ϯ 0.45°, 391.2 Ϯ 27.4°/s, and 50.3 Ϯ 7.65 ms, respectively. The percentage of saccades that remained was 30% for targeting saccades, 28% for express saccades and scanning saccades, 36% for delayed saccades, and 27% for memory-guided saccades.
Because this elimination procedure reduced the number of acceptable saccades of one or more types to only a few, we arbitrarily decided to analyze only those cells for which at least seven horizontal saccades remained for at least two types of saccade. Seven was the best compromise between having a reasonable number of saccades in the greatest number of P-cells while excluding the fewest saccade type comparisons. Although the minimum number of saccades was seven, this occurred for only 40 of 620 total comparisons in five units. The average number of saccades across all comparisons was 19.9. Eleven of 32 units had at least seven saccades for each saccade type in both horizontal directions. Five and four units had at least seven saccades in only the ipsi-and contraversive directions, respectively. For the remaining units, the seven-saccade criterion was satisfied for at least two types of saccade in either the ipsiversive (n ϭ 16) or contraversive (n ϭ 17) direction.
COMPARISON OF DISCHARGE PATTERNS. To analyze SS activity, we created a spike density function (SDF) for each trial from 200 ms before the onset of the saccade (t ϭ 0) to 300 ms after the onset of saccade by replacing each SS by a Gaussian function with a 20 ms SD centered on the spike (Kojima et al. 2010a; Soetedjo et al. 2002) . Analysis of some representative cells using a 10 ms Gaussian function did not alter the results of the comparisons described in the following text. An average rate calculated from the interval between 100 and 200 ms prior to the saccade was subtracted from the SS activity to equalize the resting rates of each trial so we could compare the changes in activity for the different saccade types. We never observed different steady rates or any visual response associated with different saccade types.
To determine whether the discharge associated with one type of horizontal saccade was different from that associated with another, we performed unpaired t-tests on each of the 10 possible comparison pairs of the five types of saccade for each ms time slice between Ϫ150 and ϩ250 ms. We considered a significant difference (P Ͻ 0.005, after Bonferroni correction) to be functionally meaningful in the generation of the saccade only if it occurred within an analysis interval stretching from 25 ms before saccade onset to 25 ms after saccade end (Kojima et al. 2010a ).
For 19 P-cells, we tested whether a significant difference in SS activity between saccade types was simply a time dependent change, such as that brought on by fatigue, by recording the SS activity for each of the five saccade types once and then collecting the same data a second time. For both the first and second data sets separately, we calculated the average SDFs associated with each type of saccade, performed a t-tests for each ms time slice and determined whether the P value was Ͻ0.05 anywhere in the interval between 25 ms before to 25 ms after the saccade.
We also compared the activity associated with different saccade types by using a more traditional but less sensitive analysis, which involved averaging activity over the same fixed interval from 25 ms before to 25 ms after the saccade. First we computed the number of spikes in the SDF over the interval for each trial and then produced the average number of spikes and SD over all trials. We applied unpaired t-tests on the average number of spikes associated with each of the 10 possible paired comparisons from those five types of saccade. If the number of spikes between pairs was significantly different (P Ͻ 0.005, after Bonferroni correction), we then determined whether the number of spikes of the reference saccade was greater or less than that of the saccade to which it was compared.
There might be a concern that a parametric t-tests is inappropriate if the size of the smallest sample is only seven. Therefore we also performed some comparisons using a nonparametric test (Wilcoxon rank sum test) on two units with the smallest total number of saccades and with the minimum number of seven trials for one of the saccade types. For all 20 comparisons on these two units, the probability that the data sets were different was the same whether we used the parametric or nonparametric test.
All experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals (1997) and exceeded the minimal requirements recommended by the Institute of Laboratory Animal Resources and the Association for Assessment and Accreditation of Laboratory Animal Care International. All the procedures were evaluated and approved by the local Animal Care and Use Committee of the University of Washington (ACC 2602-01).
R E S U L T S
Comparison of firing patterns between saccade types
We recorded the SS activity associated with all five different saccade types from 32 P-cells in two monkeys. As reported in previous studies (Kojima et al. 2010a; Ohtsuka and Noda 1995; Soetedjo and Fuchs 2006; Soetedjo et al. 2008; Thier et al. 2000) , P-cells in the oculomotor vermis exhibit a variety of saccade-related SS discharge patterns, which include bursts, pauses, or some combination of the two. In this paper, we studied all P-cells with phasic discharge patterns for saccades in at least one horizontal direction. Figure 3 shows the average SS activity associated with each type of saccade in the ipsi-and contraversive directions for all 32 P-cells. The SDFs are aligned on saccade onset, and different colors identify activity associated with the different saccade types (see inset). We show only the average activity that was associated with at least seven saccades for each saccade type. We sorted the perisaccadic SS activity in the ipsiversive direction by eye according to whether it exhibited only a burst (top 16) or some other phasic pattern, e.g., a pause or pause-burst combination (bottom 16). Whether they lie in the top or bottom half of Fig. 3 , most P-cells exhibited qualitatively similar discharge patterns for all saccade types. The patterns were qualitatively different for only occasional ones (those identified with *). Figure 4 shows a P-cell that discharged a SS burst for both ipsiversive (left) and contraversive (right) saccades. Although the average SDF time courses associated with the five types of saccade in each direction have similar shapes (Fig. 4, A and B) , the magnitude appears to be different for some types, especially in the contraversive direction. As can be appreciated from the colored SDFs for each trial of each saccade type (Fig.  4, C and D) , the SDFs for individual saccades within each type can vary considerably. All discharge patterns are aligned on saccade onset. Patterns were separated by eye into those with clear bursts in relative isolation (top) and those with other patterns. *, the units that exhibited qualitatively different discharge patterns for 1 saccade type. If an average discharge could not be generated from Ն7 saccades, it is not shown.
To determine whether the phasic discharges associated with different saccade types were the same, we performed unpaired t-tests on the average SDFs of each possible pair combination from the five types of saccade. The P value of the SDF comparison of each pair was computed for every millisecond from 150 ms before to 250 ms after the onset of the saccade (Fig. 5 ). For ipsiversive saccades, only the scanning and delayed saccade pair showed a significant SDF difference within the analysis interval (dashed lines, P Ͻ 0.005 after Bonferroni correction). For contraversive saccades, six pairs showed significant SDF differences. These included target versus delay, target versus memory-guided, express versus delay, express versus memory-guided, scanning versus delay, and scanning versus memory-guided.
To control for the possibility of time-dependent changes, we repeated the unit recording for the five types of saccade. Figure 6 compares the early and late SDFs associated with the same saccade type and the P values of unpaired t-tests for every ms. There never was a significant difference during the analysis interval between the two SDFs for any saccade type (P Ͼ 0.05). Nor was there a difference for any other of the 19 P-cells for which this comparison was made. Figure 7 shows a comparison like that in Figs. 4 and 5 ?Ͼfor another P-cell. It has a clear qualitative difference in the discharge pattern for one saccade type. This P-cell exhibited a clear burst for contraversive scanning saccades but little activity for the four other saccade types (Fig. 7B) . Conse-quently, comparisons of scanning saccades with each of the other four types showed significant differences (Fig. 7C , shaded areas). Also, contraversive delayed and memory-guided saccades showed a significant difference for a very short . Activity of a P-cell that discharged a burst of spikes for both the ipsi-and contraversive saccades of all 5 types. After the elimination procedure identified saccades with similar parameters, there remained neuronal activity data for 15, 9, 23, 18, and 13 ipsiversive and 27, 19, 40, 21, and 20 contraversive targeting, express, scanning, delayed, and memory-guided saccades, respectively. A and B: average discharge for each saccade type. C and D: color-coded neuronal activity associated with each trial. The baseline activity was normalized to 0. interval just before saccade onset. In the ipsiversive direction, there was little or no phasic activity for any of the five saccade types (Fig. 7A ). As expected there was no difference in their SDFs (Fig. 7C ). Qualitatively different activity was found in five other cells (Fig. 3, asterisks) , where it also was always associated with scanning saccades. Figure 8 summarizes which activities associated with pairs of different saccade types were not significantly different and 6 . Comparisons of the discharge patterns for each saccade type recorded in 2 different data sets for the P-cell in Fig. 4 . The average discharge recorded during the earlier session is indicated by a red line and during the later one by a blue line. P values of unpaired t-tests for each ms time slice from the average SDFs showed they were not significantly different for any saccade type (P Ͼ 0.05). 7 . Comparisons of the average discharge of a P-cells. It has little phasic activity for all saccade types except for contraversive scanning saccades, which were accompanied by a burst. A and B: average SDFs associated with each saccade type in the 2 horizontal directions. After the elimination procedure identified saccades with similar parameters, there remained neuronal activity data for 21, 31, 17, 19, and 21 ipsiversive and 14, 17, 10, 11, and 16 contraversive targeting, express, scanning, delayed, and memory-guided saccades, respectively. C: significance of the pair wise comparisons of the activities associated with the 5 saccade types. Each panel plots the P value of unpaired t-tests for each millisecond time slice from the average SDFs of each of the 10 possible pairs. Filled gray areas indicate the region of significant difference (P Ͻ 0.05 shown with Bonferroni correction). Dashed lines indicate the extent of the analysis interval (Ϯ25 ms in excess of saccade duration).
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which were for all our P-cells. In Fig. 8A , we present data from those cells for which all 10 comparisons were performed (n Ն 7 saccades for each pair) for both ipsi-and contraversive saccades (top 11 cells), for ipsiversive saccades only (next 5 cells) and contraversive saccades only (bottom 4 cells). For both ipsi-and contraversive saccades, the first row identifies which of the five saccade types (the reference type) is being compared with which of the other four identified in the next row. For example, the data in the first cell in the first column is taken from a comparison of express with targeting saccades. The data from each P-cell occupies a different row. Empty cells indicate those comparisons in which the differences were not significant. Red and blue cells indicate significant positive and negative differences, respectively. For example, the unit in the first row showed significantly smaller activity with ipsiversive targeting than with either express, scanning, delay or memory-guided saccades (first 4 columns). On the other hand, express saccades (the reference saccades for columns 5-8) showed greater activity than targeting saccades (as expected from the previous comparisons) but no significant changes with any of the other three types. In Fig. 8A , we have elected to present comparisons between two saccades twice so we can consider below whether or not a particular reference saccade shows the same relative changes (greater or lesser activity) to all the other types.
For most pair-wise comparisons, there was no significant difference between the activity associated with the reference saccade type and that associated with one of the other four types of saccade (open boxes in Fig. 8A) . The percentage of P-cells for which comparisons between various saccade types was significantly different is summarized in Fig. 8B . Across the units illustrated in Fig. 8A , more than half of the activity comparisons were not significantly different for any pair.
Only a minority of units did display significant differences. For those, they occurred more often for contraversive than ipsiversive saccade comparisons (Fig. 8B ). However, there was no consistent pattern of the differences associated with a reference saccade and another saccade type or between the sign of those differences (Fig. 8A) . Across all units, however, some weak patterns emerged. When scanning was the reference saccade, the discharge tended to be larger than for other types in the ipsilateral direction (11/17 comparisons, 65%) and smaller in the contraversive direction (16/24, 67%, Fig. 8B ). For ipsiversive saccades, the discharge associated with targeting and express saccades was usually smaller than that for the other four saccade types (11/14 comparisons and 8/9, respectively). Also the discharge for ipsiversive memory-guided saccades tended to be larger than that for the other saccade types (13/15). For contraversive saccades, roughly equal numbers of P-cells exhibited larger or smaller activity associated with the reference saccade than with the other saccade types with the exception of scanning saccades.
The data for all 32 P-cells, including those for which there were fewer possible paired comparisons because more types had less than seven saccades, is shown in Fig. 8C . This bar graph is quite similar to that in Fig. 8B . In particular, the greatest percentages of paired comparisons were not significant. With regard to the ones that were, the highest likelihood the different saccade types showed significant differences for each P-cell with the t-tests analysis. A: data from P-cells in which all 10 comparisons were available (n Ն 7 saccades with similar parameters for each pair) for both ipsi-and contraversive saccades or for ipsi-and contraversive saccades only. Each column indicates the pair that was compared with data from each P-cell occupying a different row. Red and blue boxes indicate significant positive and negative differences, respectively; an empty box indicates a nonsignificant difference. A grey box indicates Ͻ 7 saccades. *, indicates the * units in Fig.  3 . B: percentage of P-cells from the data in A that showed no significantly different discharge in the pair wise comparison (white) or significantly more (red) or less (blue) activity. C: percentage of the data across all 32 P-cells using the format employed in B. D: percentage of P-cells in A that showed no significantly different discharge (white) or a significantly different discharge for burst type (black) or nonburst type P-cells (gray) and E, the same data across all 32 P-cells.
that the discharge associated with other types would be different in both directions again occurred when scanning saccades were the reference. Also the discharge associated with ipsiversive targeting and express saccades tended to be less than that of other types, whereas that associated with ipsiversive memory-guided saccades tended to be larger. Therefore the trends displayed by our entire population of P-cells (Fig. 8C) were quite similar to those displayed by the subset with the most complete data sets (Fig. 8B) .
Differences in the discharge patterns of various saccade types depended on whether the discharge pattern was a burst or not. For the data from Fig. 8A (comparisons of Ն7 saccades from all types in at least 1 direction), differences between ipsiversive saccade types tended to occur mainly for P-cells with burst patterns (black bars, Fig. 8D ) except for those associated with memory-guided saccades. For contraversive saccades, on the other hand, differences were more likely to occur for nonbursting P-cells (gray bars). This tendency was similar when we considered the data from all the comparisons (Fig. 8E) .
The t-tests analysis used in Fig. 8 is the most sensitive at revealing a significant difference between two firing patterns somewhere in an analysis interval. However, the analysis interval is different from unit to unit and from one saccade type to another. More traditionally, a fixed interval around the saccade is taken and some measure of discharge in that interval, e.g., number of spikes or average burst rate, is taken as an indicator of a neuron's activity. Therefore we also subjected our data to a fixed interval (25 ms before to 25 ms after the saccade) analysis over which we determined the average burst rate. Figure 9 shows the results of the fixed interval analysis on the same neurons that were analyzed with the t-tests in Fig. 8,  A, B , and D. As expected, this analysis revealed fewer significantly different comparisons and therefore a higher percentage of nonsignificant pair-wise comparisons (compare Figs. 9A to 8B). However, the distribution of the comparisons roughly resembled that obtained with the t-tests analysis. Like that analysis, more comparisons were significantly different for contra-than ipsiversive saccade types, and they were more likely to occur for nonbursting P-cells ( Fig. 9B) . Also in the contraversive direction, firing patterns were most likely to be different when scanning was the reference saccade. Less activity accompanied ipsiversive targeting saccades and more accompanied ipsiversive memory-guided saccades than the other types (compare with Fig. 8B ). The tendencies shown in Fig. 9, A and B were similar when we considered all viable comparisons for all the P-cells (not shown).
In summary, the t-tests analyses indicated that there are some weak trends that discharge patterns associated with the five types of saccade can be significantly different. However, when we applied the less sensitive fixed interval analysis, the number of significantly different comparisons was substantially reduced. Moreover, the significantly different pairs varied widely from unit to unit, indicating that the overall population of P-cells appears to behave in an inconsistent way for different types of saccade.
D I S C U S S I O N
The objective of this study was to reveal whether the OMV participates in the same way during the generation of different types of saccades. This is an important question because the role of the midline cerebellum in the control of normal targeting saccades and their adaptation to persistent motor errors is being intensively studied (see Hopp and Fuchs 2004; Tilikete and Pélisson 2008 for reviews) . Therefore it would be desirable to know whether the neuronal principles revealed by those studies for targeting saccades might also apply to other types of saccade. We reasoned that a sensitive way to make this assessment would be to record the discharge patterns of saccaderelated P-cells associated with targeting, express, scanning, delayed, and memory-guided saccades, all matched for the same metrics (amplitude, peak velocity, and duration).
The discharge patterns associated with these five types of saccade were qualitatively similar for most P-cells (26/32; 81%), suggesting that the cerebellum makes similar contributions to the generation of targeting, express, scanning, delayed, and memory-guided saccades. The remaining cells (6/32) exhibited a different firing pattern for scanning saccades (Fig. 3,  asterisks) .
Although the firing patterns were similar in most cells, the strength of the activity of some was different for one or more saccade types ( Figs. 8 and 9 ). Across all the units, some weak tendencies emerged. First, the activity associated with scanning saccades was the most likely to be significantly different from that of other saccade types in both the ipsi-and contraversive directions (Figs. 8, A and B, and 9A ). Also the activity associated with targeting and express saccades in the ipsiversive direction generally was less than that of other types, whereas that associated with ipsiversive memory-guided saccades tended to be larger (Figs. 8, A and B, and 9A) . However, which types were accompanied by different activities and whether that activity was greater or less than that of the other types was very inconsistent from P-cell to P-cell. For example, although the percentage of significantly different comparisons involving 9 . Summary of the percentage of P-cells that did not and did show significant differences in pair wise firing pattern comparisons with the fixed interval analysis. A: percentage of P-cells showing nonsignificant and significant differences and whether the differences occurred for burst or nonburst neurons (B). Same P-cells as those described in Fig. 8, B and D, respectively, and illustrated with similar formats. scanning saccades could be as high as 30 -40% (Fig. 8B , ipsiand contraversive saccades, respectively), Fig. 8A shows that the other type of the compared pair and the sign of the difference in their activities showed considerable variation across different units (compare the patterns and colors in the different rows).
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In addition, the percentage of significantly different comparisons depended on the analysis. For example, with the t-tests, if we had set a lower P value for the data in Fig. 7 , the contraversive delayed versus memory-guided saccade comparison would not have reached significance. Also when we used the less sensitive fixed interval analysis (Figs. 9, A and B) , the percentages of saccade pairs with significantly different associated activities dropped substantially.
The inconsistency of behaviors we saw in the minority P-cells that showed any significant differences at all raised the concern that these small, variable effects would not have any behavioral consequences but were largely the result of a very sensitive analysis technique. Therefore we have begun to test possible behavioral consequences by examining whether inactivation of the OMV produced a differential effect on one saccade type or another. In two experiments on one monkey, it did not (Kojima et al. 2010b ). The inactivation caused targeting, express, scanning, delayed, and memory-guided saccades to both the left and right all to become hypometric by the same amount. We point out that the highest percentage of pair-wise comparisons that showed significant differences in activity involved a scanning saccade, but even scanning saccades were not differentially affected by the OMV inactivations. Therefore the results of the unit recording and our preliminary inactivation experiments are most parsimonious with the conclusion that the OMV contributes similarly to all types of saccade.
As we mentioned in the INTRODUCTION, after surgery to remove a medial cerebellar tumor, the patient's rightward targeting saccades were hypermetric, whereas scanning saccades were hypometric (Straube et al. 1995) . In contrast, leftward targeting and scanning saccades both were hypometric, as also occurred after our preliminary inactivation experiments (Kojima et al. 2010b ). Perhaps the patient had oculomotor lesions elsewhere that produced the differential effect on rightward saccades. Our data appear to be at odds with the observation that the burst in cFN neurons, which receive inputs from the OMV, was either weaker or absent with spontaneous saccades in the dark (Ohtsuka and Noda 1992) . However, spontaneous saccades in the dark may be generated differently than scanning saccades in the light.
With regard to this last point, concern has been raised as to whether saccades to three stationary spots viewed in any order, as was the paradigm in our study, should be considered to be "scanning". We used this same paradigm to elicit scanning saccades in an earlier study on the transfer of adaptation between different saccade types in monkeys (Fuchs et al. 1996) . In that study, we tested whether the putative scanning saccades elicited in our situation also exhibited the results shown by Deubel (1995), i.e., no transfer from adapted targeting to his scanning saccades in humans. Using our paradigm, we replicated his transfer findings on two humans, one of whom was Deubel himself (Fuchs et al. 1996) . Therefore we are confident that our fixed spot paradigm elicits self-paced saccades in monkeys with characteristics identical to scanning saccades in humans.
In conclusion, our data suggest that the OMV probably plays a similar role in the generation of targeting, express, scanning, delayed, and memory-guided saccades. That role is to interact with the brain stem burst generator to produce accurate saccades. In this scenario, the midline cerebellum deals with the motor aspects of all types of saccades the command signal for which, probably from the superior colliculus, has been created on the basis of upstream processing related to the cognitive context in which the saccade is required. As has been established for targeting saccades, the saccade signal from the midline cerebellar nucleus, the cFN, helps accelerate contraversive saccades and decelerate ipsiversive ones (Iwamoto and Yoshida 2002; Robinson et al. 1993) . We predict this also will be true for the other saccade types. Whether the role that the midline cerebellum plays in the adaptation of targeting saccades (Catz et al. 2005 (Catz et al. , 2008 Kojima et al. 2010a; Soetedjo et al. 2008 ) also applies to other saccade types is not known. Although our findings here document that simple spike activity in the OMV generally is similar for all types of normal saccades, we cannot conclude that the OMV also would exhibit similar behavior during the adaptation of targeting and the other types of saccades. Indeed behavioral transfer experiments on humans (Alahyane et al. 2007 ; Deubel 1999 for review; Hopp and Fuchs 2004 for review; Hopp and Fuchs 2010) and our unpublished monkey data suggest that adaptation of at least scanning and memory-guided saccades, in part, involve pathways separate from those subserving targeting saccades.
